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Background: There are 17 crystal structures of nucleo-
side monophosphate kinases known. As expected for
kinases, they show large conformational changes upon
binding of substrates. These are concentrated in two
chain segments, or domains, of 30 and 38 residues that are
involved in binding of the substrates N1TP and N2MP
(nucleoside tri- and monophosphates with bases N1 and
N2 ), respectively.
Results: After aligning the 17 structures on the main parts
of their polypeptide chains, two domains in various con-
formational states were revealed. These states were caused
by bound substrate (or analogues) and by crystal-packing
forces, and ranged between a 'closed' conformation and a
less well defined 'open' conformation. The structures were
visually sorted yielding an approximately evenly spaced
series of domain states that outlines the closing motions
when the substrates bind. The packing forces in the crys-
tals are weak, leaving the natural domain trajectories essen-
tially intact. Packing is necessary, however, to produce
stable intermediates. The ordered experimental structures
were then recorded as still pictures of a movie and ani-
mated to represent the motions of the molecule during a
catalytic cycle. The motions were smoothed out by adding
interpolated structures to the observed ones. The resulting
movies are available through the World Wide Web
(http://bio5.chemie.uni-freiburg.de/ak movie.html).
Conclusions: Given the proliferating number of hom-
ologous proteins known to exist in different confor-
mational states, it is becoming possible to outline the
motions of chain segments and combine them into a
movie, which can then represent protein action much
more effectively than static pictures alone are able to do.
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Introduction
X-ray diffraction analyses yield accurate static structures of
crystalline proteins. Moreover, mobilities described by
temperature factors (B-factors) can be assigned to each
atom at resolutions better than about 2.5 A. These
B-factors indicate mobile chain segments, but cannot out-
line the exact motions during protein action. Attempts
have been made to follow such motions in the crystal by
fast Laue diffraction analyses [1]. Most substantial chain
displacements, however, affect packing contacts, either
prohibiting analysis by destroying the crystals, or changing
the crystal form. New crystal forms have to 'settle down'
before analysis [2], so that the new structure becomes just
another static one.
With the advent of recombinant proteins, the number of
elucidated protein structures has greatly increased. Among
them are more and more homologous structures that can
be related to each other. Very often, homologous struc-
tures have different ligands and/or occur in different crys-
tal packing environments, giving rise to conformational
variations. A group with particularly large conformational
changes is the nucleoside monophosphate (NMP) kinase
family [3]. NMP kinases catalyze the reaction
N1TP-Mg 2+ +N 2 MP # N1 DP+Mg 2 ++N2 DP
where N and N2 stand for nucleotide bases. Here,
we relate these structures to each other, work out the
conformational changes, sort the static pictures along
trajectories and combine them into a movie. The pre-
sented movie shows the motions during a catalytic cycle,
which lasts about 1-3 ms in this enzyme family [4,5].
Results and discussion
Alignment and superposition
An overview of 17 known NMP kinase structures is
given in Table 1. Only nine of them were used, because
the others either resemble the chosen representatives too
closely (AKeco and AKyst in complex with both substrates
or analogues; see Table 1 for abbreviations), or are too
distantly related (GKyst), or have been solved at too low a
resolution (AKcarp). The nine selected structures were
well defined (resolution range 1.63-2.6 A) and are
depicted in Figure 1.
Firstly, the selected structures had to be aligned. This
was done manually according to structural superposi-
tions (see below). Insertions/deletions were established
by pin-pointing the residues that deviated most from the
other superimposed chains. The result (Fig. 2) shows a
consensus sequence of 206 residues for the large variants
(see Fig. 2 legend for explanation) of the family. The
consensus part defines the numbering. The short
variants of the family (AKlpig and UKys,,; see Table 1
for abbreviations) have a 27-residue deletion around
position 140.
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The large conformational changes in the NMP kinase
family were recognized earlier [3]. They have been
described [3,6] as motions of internal chain segments rel-
ative to the main body containing the central parallel
13-sheet (Fig. 1). The major moving segments are termed
the NMPbind domain (residues 30-59) and the LID
domain (residues 120-157); the remaining parts consti-
tute the CORE domain (residues 1-29, 60-119,
158-206). To elaborate the motions of the NMPbind and
LID domains, we superimposed all structures on their
CORE domains. The closed down structure of
AKeco:Ap 5A (number 1 of the nine structures used, see
Table 1) was taken as a reference, and all other structures
were transformed by the rotation/translation movement
that best fitted the CORE domain of structure 1. The
superposition data are given in Table 2.
By using a rather small (1 A) cutoff in the program Over-
lay [7], the CORE superpositions were tightened to the
highly conserved central 13-sheet. The residual root mean
square (rms) Cot differences (ACo) in the CORE
domain are smallest for structures 7 and 9, which contain
both substrates (Ap5A or two ADP molecules, respec-
tively) like the reference structure 1, and are larger for
the other structures. This indicates some change in the
CORE domain on substrate binding as reported
previously for one of the cases [6]. CORE domain differ-
ences resulting from evolutionary changes are unlikely, as
there is no correlation between the rms ACot values and
the percentage of identical residues (Table 2).
Trajectories
After aligning all structures with the CORE domain of
structure 1, we visualized the resulting conformations of
the NMPbind and LID domains on a graphics display. We
then established the order of the structures, with respect
to NMPbind, defining a trajectory for this domain. The
structure series runs from a to i, recording a motion from
an open to a closed conformation (Table 2). Note that
the reference structure 1 is not one of the endpoints of
this trajectory. The manual ordering is confirmed by the
maximum Co displacements, and it approximately
follows the polar rotation angles of the domain.
The corresponding order of the LID domains was again
established manually and runs from A to G, recording a
motion from an open to a closed conformation (Table 2).
This order is confirmed by the maximum Coa displace-
ments and also by the polar rotation angles of the
domain. The residual ACct values for the LID domain
are about half those of the NMPbind domain, although
the LID domain is 1.3x larger, demonstrating that the
LID domain moves much more like a solid block than
the NMPbind domain. As the orderings for NMPbind and
LID are different, these domains move independently
from each other, in agreement with the observed ran-
dom-bi-bi kinetics (i.e. the random order of substrate
binding) [8].
Animation
The two resulting picture series of domain positions
were turned into movies by displaying the pictures with
time intervals of -1 s on a computer screen. These
movies were rather jerky, but represented purely experi-
mental data. To smooth out the motions, we used the
experimental structures as safe-points and calculated a
number of interpolated structures in between them
(Table 3). The numbers of interpolated structures ranged
from 8 for the smallest to 27 for the largest structural
changes, along the series. The interpolation was per-
formed locally using a window of nine residues sliding
over the whole chain (see below). This also ensured
smoothness for motions of segments that deviated
strongly from the common best rotation/translation of
the respective domain.
The resulting movies contained 136 structures for
NMPbind and 90 for LID. They are available through the
World Wide Web (WWW) [9] or file transfer protocol
(FTP; see below). From each movie we selected 40
structures, approximately equally spaced along the trajec-
tory, and present them in Figures 3 and 4 for the
NMPbind and LID domain motions, respectively. These
figures can be used to produce flicker books (see legends
for instructions).
Table 1. Established NMP kinase structures.
Resolution
No.* Enzymet Ligandst (A) Reference
1 AKeco Ap5A 1.9 [191
- AKeco AMPPNP, AMP 2.0 120]
- AKeco (G10V) Aps5A 2.4 121]
- AKeco (P9L) Ap5A 3.4 [21]
2 AKeco - 2.2 (a)
3 AKIpig 2 SO42- 2.1 [221
- AKlcarp 2 S042- 6.0 [231
4 AK2bov S042 1.92 (b)
5 AK3bov AMP, SO42- 1.85 [241
6 AK3boV AMP, 5042- 2.6 (c)
7 AKyst Ap5A, imidazole 1.63 [25]
- AKyst Ap5A, Mg2+ 1.96 [25]
- AKyst (1213F) Ap5A, imidazole 2.2 (d)
8 AKyst (D89V,R1651) AMPPCF 2P 2.4 (b)
9 UKyst 2 ADP 2.1 [26]
- UKyst ADP, AMP 1.9 127]
- GKyst GMP, SO42- 2.0 [28]
*Only the numbered structures are used in this study. Source of en-
zyme: AKeco, adenylate kinase from E. coli; AKlpig, cytosolic adeny-
late kinase from muscle; AK carp, cytosolic adenylate kinase from
carp muscle; AK2b v , adenylate kinase from beef liver mitochondria
(intermembrane space); AKys, adenylate kinase from yeast; UKyst, uridy-
late kinase from yeast; GKyst, guanylate kinase from yeast. Ap5A is
diadenosine pentaphosphate, AMPPNP and AMPPCF 2P (gift from G
Blackburn) are non-hydrolyzable analogues of ATP. Unpublished data
from: (a), G Schlauderer, CW MOller, Reinstein & GE Schulz; (b),
G Schlauderer & GE Schulz; (c), C Vonrhein & GE Schulz (the space
group is different from the one for structure 5); (d), P Spurgin, U Abele
& GE Schulz.
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Fig. 1. Ribbon representation of all established structures used in the movie, including the ligands, which are shown as ball and stick 
models. 1, AK,,,:Ap5A; 2, AK,,; 3, AKl; 4, AK2; 5, AK3:AMP; 6, AK3:AMP; 7 ,  AKYs,:Ap5A; 8, AKY,,:AMPPCF2P; 9, UKYs,:ADP:ADP. 
For details see Table 1. 
LID 
Fig. 2. Sequence alignment of the reported NMP kinases as based on the spatial structures (see text). Residues that are common 
between kinases are emphasized by bold type. This is the consensus set of 206 residues and it forms the basis for the numbering 
scheme. The domains NMPbind and LID are defined according to an earlier comparison 131. The first four structures are called large 
variants of the family because they contain the full LID domain. The last two structures are small variants as they have a large (27 
residue) deletion in the LID domain. 
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Table 2. Structural superpositions on the CORE domain showing the motions of NMPbind and LID.
Crystal
No. structure
CORE
Residue Number of Rms
identities superimposed AC&§
(%) Ca atoms (A)
NMPbind
Max. Rotation Rms
Visual ACa** angle ACa t
order# (A) (°) (A)
LID
Max. Rotation Rms
Visual ACa** angle tt ACa tt
order# (A) () (A)
1 AKeco : Ap5A
2 AKeco
3 AK] pig
4 AK2bov
5 AK3bov :AMP
6 AK3bo :AMP
7 AKyst: Ap5A
8 AKyst: AMPPCF2P*
9 UKyst :ADP:ADP
100 52 2.3
32 66 1.9
39 49 2.2
34 49 2.1
34 44 2.4
41 107 1.1
40 56 2.2
28 91 1.3
g 0 0 0 G 0 0 0
a 18 50 1.8 B 24 54 0.5
e 12 36 2.3
b 17 51 2.5 D 14 33 1.7
f 4 5 1.7 A 31 86 1.5
d 12 18 2.4 C 22 57 1.0
h 6 -7 1.7 F 5 8 0.6
c 16 40 1.9 E 6 9 1.3
i 6 -6 2.4 - -
*This complex was with the mutant enzyme AKyst (D89V, R1651). 'All 138 residues of the CORE domain were compared with those of AKeco (Fig. 2).
tSuperposition performed using the program Overlay [71 with a cutoff of 1 A, which selected the given number of Coa atoms. §The residual rms ACa
was calculated for all 138 residues of the CORE domain. #See text. **This is the maximum displacement of a Ca atom from the moving domain with
respect to the reference structure 1. aThe moving domain was compared with the respective domain in reference structure 1, and the change was
described by the best rotation/translation. The polar rotation angle of this rotation is given together with the residual rms ACa deviation. The rotation
axis changed from comparison to comparison. The rotation angle is negative if it is related to the same general direction of the polar axis.
For a larger audience, we produced a videotape of the 90
picture series of the LID motion. In this videotape, the
molecule is rotated by 90° around a vertical axis with
respect to Figure 4, such that NMPbind becomes clearly
visible. However, because the large LID motion is more
obvious, some unavoidable back and forth motions of
NMPbind are easily tolerated by the viewer. The under-
lying picture series used to produce the videotape,
together with some computer readable files, can be
obtained through WWW [9] or FTP (see below). Video-
tapes will be sent on request.
Conclusions
The presented movies demonstrate that protein structures
have left the realm of static structures as determined in
crystals by X-ray diffraction or in solution by NMR.
Because of the increasing number of homologous struc-
tures with different ligands, in various crystal packings,
we are now able to sort the structures along the trajecto-
ries of given regions and to display them as movies in
atomic detail. Interpolation helps the eye to resolve
movements without interfering with reality. Random
crystal contacts perturb the motions, but can be toler-
ated. Just like Daguerre's static pictures from the middle
of the last century learned how to 'run' by the end of
that century, we expect to see more and more static pro-
teins becoming lively actors in the future.
Fig. 3. (see facing page) Picture series 1 to 40 for the NMPbind
motion, representing an equally spaced selection from the 136
pictures of the movie. The LID domain has been cut away,
because the series includes both small and large variants of the
NMP kinase family (Fig. 2). The observed structures, a to i, are
indicated. The pictures can be cut out and stapled at the left-
hand side to produce a flicker book. During stapling the pictures
should be kept aligned by holding them with a clamp.
Fig. 4. (see over page) Picture series 1 to 40 for the LID motion,
representing an equally spaced selection from the 90 pictures of
the movie. The observed structures, A to G, are indicated. The
pictures can be cut out and stapled at the left-hand side to pro-
duce a flicker book, as described in the legend for Figure 3.
Table 3. Structure series and interpolation for the two domains,
NMPbind and LID.
NMPbind LID
Exptl. No. of Exptl. No. of
Visual structure interpolated Visual structure interpolated
ordering no. structures ordering no. structures
a 2 A 5
14 13
b 4 B 2
13 11
c 8 C 6
21 27
d 6 D 4
V2~ 9
e 3 E 8
18 15
f 5 F 7
18 8
g 1 G 1
17
h 7
14
i 9
Total 9 + 127=136 Total 7 + 83=90
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Biological implications
For a long time, it has been proposed that kinases
undergo large movements during catalysis [10],
because they have to shield their active center
from water in order to avoid ATP hydrolysis. In
an effort to confirm the expected conformational
changes, the small nucleotide monophosphate
(NMP) kinases have been studied extensively [11].
The large number of solved NMP kinase struc-
tures has now confirmed these expectations.
Moreover, these structures allowed us to follow the
motions much more closely than before, because
various intermediate states are frozen in crystals.
We found that the frozen position of a domain
depends on the crystal-packing forces giving rise
to many more conformational states than just an
'open' and a 'closed' one, without and with
bound ligand, respectively. Ordering of these
intermediates with additional computational
smoothing allows us to represent domain move-
ments as a movie. Such a movie approximates the
action of a protein much more accurately than a
single structure is able to do; it represents a novel
way of realistically visualizing our knowledge of
life at the atomic level.
As isolated static structures indicating large
motions are also known for other proteins
[12-15], one should expect that in the near future,
more and more intermediate states will be eluci-
dated, giving rise to similar movies representing
the actions of other proteins.
structures X and Y, we determined the best peptide
rotation/translation at each window positionj (position of cen-
tral residue) with the program X-PLOR [16] and described it
by polar axis orientation, polar rotation angle Kj and translation
tj. The number of interpolated structures, N (Table 3), was
chosen such that the largest K was subdivided into steps of
about 2° for NMPbind and 4 fr LID. The interpolated struc-
tures n=1,2, ...N were produced by applying the respective
rotation/translation with K. n/N and tn/N to each residue j
of structure X. The first and last four residues of each chain
were not altered. The applied local interpolation kept all dis-
tances between subsequent Ca atoms in an acceptable range,
resulting in a smooth motion from structure X to structure Y.
All structures were represented by the program Raster3D [17].
Animation
For the production of movies consisting of the 136 and 90 pic-
tures of the NMPbind and LID motions, respectively, the
Raster3D files were converted with programs ImageMagick
and Mpeg_Encode and viewed with Mpeg_Play. The Mpeg
files and Mpeg viewer for DOS and UNIX systems are avail-
able through WWW [9] (http://bio5.chemie.uni-freiburg.
de/ak_movie.html) and anonymous FTP (bio5.chemie.uni-
freiburg.de:/pub/ak_movie) together with a manual.
The third movie contains only the structure series of the LID
motion as drawn by the programs MOLSCRIPT [18] and
Raster3D [17] in color and shading. For this purpose, a general
secondary structure was assigned. This movie is more beautiful
than the first two and it has been converted to a videotape (Fa.
Profilm Team, Freiburg im Breisgau) to make it available for
larger audiences.
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Materials and methods
Alignment
Structure 1 contains the LID in its most completely closed
conformational state (Fig. 1) and was therefore chosen as a ref-
erence for alignment and domain motions. The chain align-
ment of Figure 2 began with structural superpositions of the
CORE domains using the program Overlay [7] with a 1.5 A
cutoff. These superpositions concerned mainly the central
13-sheets; they were followed by visual inspections of other
parts of the CORE domain to establish insertions and dele-
tions. The consensus region was limited by the E. coli enzyme
with the shortest N and C termini. The assignment of domains
NMPbind and LID was taken from an earlier comparison [3].
As the small variants (structures 3 and 9) have almost no LID,
they were excluded from the study of the LID motion. Apart
from the difference between large and small variants in LID,
there are five positions with insertions, leading to fairly small
discontinuities in the structure series (Table 2), which are based
on the 206 consensus residues.
Interpolation
For interpolating along the LID trajectory, we used a nine-
residue peptide window sliding from the N terminus to the
C terminus of the consensus sequence. For the NMPbind tra-
jectory, the LID domain was removed, and the peptide win-
dow moved between the ends of the remaining segments. For
interpolating between two given, consecutive, experimental
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